Abstract: Chagas disease causes considerable morbimortality in the Americas, with circa 7 to 8 million infected people, causing at least 12,000 annual deaths and 100 million people at risk. Its chemotherapy is poorly selective and effective, associated to severe side effects and unresponsive cases. Thus, R&D on therapeutic alternatives is undoubtedly required. The Brazilian poorly studied biodiversity offers uncountable bioagents, which may be exploited for chemotherapy. The triterpene arjunolic acid (AA), reduced the Trypanosoma cruzi epimastigote in vitro proliferation with an apparent IC 50 of 171 μM. Electron microscopy analysis revealed remarkable effects on the parasite surface and architecture. AA-treated parasites displayed minutely corrugated plasma membranes devoid of subpellicular microtubules as well as biogenesis of multiple basal bodies. As the AA effects appeared mainly restricted or originated at the parasite peripheral cytoplasm, including the cytoskeleton membrane linkage, we inferred that the compound targeted primarily the lipid bilayer; therefore, we performed synthetic modification to increase the molecule lipophilicity and thus membrane permeability. The methyl ester (MeAA) and tri-acetylated derivatives (3AcAA) had potentiated trypanocidal activity, producing IC 50 values of 21.9 and 15.8 μM, respectively. Both derivatives were able to produce remarkable ultrastructural alterations in the parasites, including inner compartments such as Golgi apparatus and the endocytic/autophagic pathway. Parasites cultured with both derivatives displayed numerous and large autophagic vacuoles, altered flagellar length and cell body connection. These data indicate that synthetically-modified natural products comprise valuable tools in antiparasitic chemotherapy and that electron microscopy may be useful not only in determining the mechanisms of action but also in directing such modifications for rational drug design.
INTRODUCTION
Chagas disease or American trypanosomiasis affects circa 7 to 8 million people in Latin America, and at least 40 million are under risk of infection [1] . Presently the parasite is spreading to other countries, via human transports and it was estimated that there are >300,000 chagasic individuals United States, and >80,000 in Europe [2] . Trypanosoma cruzi, the etiological agent of the disease, is exploring new niches emerging in the Brazilian Amazon and exploiting the oral route of transmission [3, 4] . Patients may present cardiopathy with high morbidity and mortality. Treatment of Chagas disease is based on the use of the nitroheterocyclic [19] , myocardium [20, 21] , and brain [22] . AA presents antibacterial activity against Escherichia coli, Bacillus subtilis and Shigella sonnei [23] and antifungal activity against Candida albicans, Cryptococcus neoformans, Aspergillus fumigatus, Microsporum canis and Sporothrix schenckii [24] . It is noteworthy that this compound and its derivatives are able to reverse the activation of the Epstein-Barr virus induced by tumor promoter, protein kinase C activator 12-Otetradecanoyl-phorbol-13-acetate [25] . Furthermore, AA antitumoral activity was also reported [26] .
Here we compared in vitro trypanocidal activity of natural product AA, purified from Myrcia rotundifolia (Myrtaceae) as well as of its per-acethylated (3AcAA) and methyl ester (MeAA) arjunolic acid derivatives (Fig. 1) on T. cruzi epimastigotes and as the ultrastructural analysis may be useful in the elucidation of trypanocidal compounsds mode of action [27] [28] [29] [30] we used electron microscopy to compare the activity of AA and its derivatives on T. cruzi subcellular organization and to approach the cell death mechanisms. 
MATERIALS AND METHODS

Plant Material
M. rotundifolia specimens were collected in the sand dunes of Lagoa do Abaeté Metropolitan Park, Bahia State, Brazil. The plants were identified by Professor Maria Lenise S. Guedes and the voucher specimen (ALCB 52166) is stored at Alexandre Leal Costa Herbarium of the Biology Institute, UFBA.
Extraction and Isolation of the Arjunolic Acid (2 , 3 , 23-Trihydroxyolean-12-en-28-oic Acid)
The dried and powdered M. rotundifolia stems (2576 g) were successively extracted three times by maceration with hexane, yielding 4.5 g, and three times maceration with methanol, yielding 78 g. The methanol extract was dissolved in a mixture of methanol and water (8:2) and this solution was successively extracted three times with dichloromethane yielding 10.4 g, and three times with ethylacetate (EtOAc) yielding 4.9 g.
The dichloromethane fraction was subjected to silica gel column chromatography eluted with hexane/EtOAc in increasing polarity, yielding 16 fractions. The combined fractions 13-16 (5.7 g), were fractionated successively by column chromatography, using a gradient of hexane/EtOAc to yield arjunolic acid (0.713 g) which was identified by 1 H and 13 C NMR.
Preparation of the Methyl Ester and Per-acetilated Derivatives of the Arjunolic Acid
The methyl ester of arjunolic acid was obtained after esterification with ethereal diazomethane prepared from Diazald (Aldrich Chemical Co.) in the usual procedure [31] .
The per-acetylated derivative was obtained quantitatively by acetylation of the arjunolic acid carried out with acetic anhydride in triethylamine with addition of 4-dimethylamino pyridine at room temperature for 24 h [32] .
Parasites
Trypanosoma cruzi Y strain epimastigotes were cultured at 28 °C in plastic flasks, containing 5 mL of LIT (liver infusion trypticase) medium inoculated with 5 x 10 5 cells/mL, supplemented with 10% (v/v) fetal calf serum. Cells from the mid-log phase were harvested by centrifugation at 1,000 g and washed three times in phosphate-buffered saline (PBS) before experiments. Parasite growth was assessed by daily optical density measurement at 610 nm [33] .
Statistical Analysis
Presented data are representative of a minimum of two independent experiments, which yielded analogous results. Significant differences (P<0.05) were tested using of variance analysis (ANOVA) and a posteriori Tukey's test for pair-wise comparisons.
Transmission Electron Microscopy (TEM)
Parasites were fixed in 2.5% glutaraldehyde (Sigma, EM grade) and 5 mM CaCl 2 in 0.1 M sodium cacodylate buffer pH 7.2, post-fixed in 1% osmium tetroxide and 0.08% potassium ferricyanide, dehydrated in acetone series and embedded in Polybed resin (Polysciences, Inc). Thin sections (about 80 nm-thick) were obtained with an ultramicrotome (Ultracut E, Leica, Wetzlar, Germany) on a diamond knife (Diatome AG, Biel, Switzerland), collected on copper grids (400 mesh) and stained with 2% uranyl acetate for 20 minutes and 1% lead citrate for 5 minutes and observed under a Zeiss 109 transmission electron microscope, as previously described [33] .
Scanning Electron Microscopy (SEM)
Samples were fixed and postfixed as described above, dehydrated in ethanol series, dried by the critical point method in a Balzers apparatus, mounted on stubs and covered with a circa 20 nm-thick gold layer, as previously described [34] . Specimens were observed in a JEOL 5310 scanning electron microscope.
RESULTS
TEM and SEM of control (untreated or DMSO-treated)
Trypanosoma cruzi in axenic culture (Fig. 2) revealed the typical parasite morphology and surface topography in both epimastigotes (a) and trypomastigotes (b). It is noteworthy that epimastigote, the insect dwelling form, during prolonged culturing differentiate in to trypomastigotes, the developmental form infective to the human host. Under TEM, control parasites displayed the normal cell organization of the protozoan, including reservosomes, the single mitochondrion, kinetoplast, associated to one (c) or two (d) flagellum basal bodies, at early phase of cell division. The characteristic subpellicular microtubules underneath the parasite plasma membrane are also shown (d, inset).
The epimastigote axenic proliferation revealed that AA was poorly trypanocidal with an apparent IC 50 of 171 μM at 120 h and concentrations equal or above 200 M significantly (p<0.05 or p<0.01) diminished parasite survival (Fig. 3) .
We employed SEM in order to approach the effects of the triterpene in T. cruzi general morphology (Fig. 4) . Parasites cultured in presence of AA displayed bizarrely-shaped cells, particularly at the flagellum-cell body attachment zone (a, thick arrow) and deflagellated parasites were eventually observed (thin arrow). Many cells presented gross waved parallel arrays on the surface (Fig. 4b, c) , suggesting subpellicular microtubule cytoskeleton dysfunction.
We used TEM to evaluate the ultrastructural architecture in parasites cultured with the compound. AA-treated parasites presented finely corrugated cell body and flagellar plasma membranes (Fig. 5a, b) . Parasite plasma membranes were mostly devoid of subpellicular microtubules underneath cell surfaces and large assemblies of microtubules were detected in the cytoplasm (Fig. 5c, d ). The kinetoplast organization was remarkably altered and multiple basal bodies were detected (Fig. 5e) . Eventually the overall parasite organization was outstandingly altered. Cytoplasmic vacuolization and disorganized organelles were observed as well as of large compartments presenting electrondense fibrillar material ( Fig. 5f , white arrow), presumably of mitochondrial origin, displaying cristae-resembling membrane structures (black arrow) as well as large vacuoles, presenting fibrillary or tubular material, possibly resultant from partially degraded/depolymerized microtubules.
The trypanocidal activities of the methylated (MeAA, a) and acethylated (3AcAA, b) derivatives were significant (*p<0.05; ** p<0.01, ANOVA and Tukey post-test) at concentrations equal or above 10 and 25 M (Fig. 6) , with apparent IC 50 values of 15.8 and 21.9 M, respectively.
Scanning electron microscopy of MeAA-incubated parasites revealed remarkably altered morphology with numerous rounded or distorted cells (Fig. 7a, b) , often displaying altered cell body-flagellum attachment zones and cells with flagellar partial detachment (Fig. 7b, c) or depletion ( Fig.  7d) . Many cells were smooth surfaced, whereas and some parasites displayed longitudinal grooves (Fig. 7a, b) .
Parasites grown in the presence of MeAA presented alterations, including the appearance of swollen Golgi cisternae and large vesicles (Fig. 8a) , eventually, associated to endoplasmic reticulum cisternae, formation of large autophagic vacuoles (Fig. 8b) and emergence of numerous lipid inclusions (Fig. 8c) . These effects culminated in complete damage of the parasite cell with remarkable loss of cytoplasmic and nuclear material (Fig. 8d) . Fig. (3) . T. cruzi in vitro proliferation before and after different concentrations of arjunolic acid addition. DMSO was used as a solvent control. Cell densities were determined by optical density. At concentrations equal or above 200 M there was significant (* p<0.05; ** p<0.01, ANOVA and Tukey post-test) inhibition of parasite survival. The 3AcAA derivative also produced remarkable morphological alterations of parasites assessed by SEM (Fig. 9) . Interestingly the flagellum-cell body attachment zone was remarkably altered and eventually discontinued (Fig. 9a ) and flagella were often stumpy (Fig. 9b), residual (Fig. 9c) or even absent (not shown).
Parasites cultured with per-acetylated-AA for 96 h presented significant cell architecture alterations assessed by TEM (Fig. 10) . Wide portions of cytoplasm were enveloped by concentric membranes, circumscribing compartments such as mitochondrion-like organelles, lipid inclusions and acidcalcisomes (Fig. 10a) . 3AcAA-treated parasites displayed frequent, large autophagic vacuoles (Fig. 10b) . At advanced stages the compound caused severe parasite cell disorganization, with the formation of massive membranebounded, electrolucent areas, secluding the compact residual cytoplasm (Fig. 10c) .
DISCUSSION
Because of pleiotropic beneficial effects on numerous pathological conditions, AA is considered a promising multifunctional therapeutic alternative [15] .
Drugs targeting cytoskeleton components may be antitumoral and antiparasitic [35] [36] [37] [38] [39] . Microtubule or microfilament-targeting drugs may be used for selecting multidrug resistant phenotypes in both cancer cells and parasites [40] [41] [42] [43] . Microtubules comprise useful targets in antikinetoplastid chemotherapy [44, 45] .
Triterpenoids may be used for cancer chemoprevention and therapy as well as antiprotozoal agents [46] [47] [48] [49] . Although there are several reports on the effects of different natural terpenoids upon different cell types, mostly cancer cells, the cellular effects of arjunolic acid are poorly known.
The observation that arjunolic acid displaces subpellicular microtubules from the T. cruzi plasma membrane, remarkably disorganizing the parasite cytoskeleton was surprising since these structures are stabilized by associated proteins and post-translational modifications such astubulin detyrosination which confer the stability to axonemal and subpellicular microtubules. Therefore, the trypanosomatid microtubules are highly resistant to colchicine and benzmidazoles, potent microtubule antagonists in mammalian cells and even destroyed parasites display preserved plasma membrane-microtubule complexes [50] [51] [52] . Conversely, parasite protein kinase C (PKC) activation by phorbol ester displaced the T. cruzi and Leishmania plasma membrane from subpellicular microtubules, forming surface protrusions [53] [54] . In this regard AA can modulate PKC [55] and PKC activity can regulate microtubule functioning by phosphorylation of microtubule-associated proteins [56] [57] [58] [59] , including kinesin and trypanosome kinesins preserve parasite morphology via subpellicular microtubules regulation [60] [61] .
Furthermore, PKC subcellular localization may be controlled by microtubules [62] . The corrugated appearance of the AA-treated parasite plasma membrane might be due to the action of the triterpenoid on the lateral motility of ergosterol causing the ultrastructural alteration similar the one produced in Leishmania surface by the polyene antibiotic filipin, which binds to surface sterols [52, 54] . It is noteworthy that filipin-sterol complexes were shown to be oriented by subpellicular microtubules in T. cruzi and Leishmania mexicana [63, 64] . Therefore the insertion of AA molecules on the parasite membrane may displace/compete with ergosterol and impair the subpellicular microtubule connection with the plasma membrane. It is remarkable that cholesterolrich lipid rafts are required for microtubule-mediated surface processes in different cell types [65] [66] [67] . Interestingly, besides microtubules and cholesterol, MAP (mitogen-activated protein) kinases (MAPK) may be involved [65] , and low a, b) . Despite the drastic parasite flagellar surface alterations the axoneme microtubules were often preserved (Figs. a) , but ectopic microtubules (b -inset, black arrow) and eventually overall axoneme disorganization (b, white arrow) were observed. Large cytoplasmic microtubule assemblies were detected in the cytoplasm (Figs. b-d,  asterisks) . Sometimes membrane profiles were associated to microtubule deposits (c, arrow) or within membrane-bounded vesicles (d, insetarrow). Kinetoplast DNA was significantly disordered in AA-treated parasites (e). Multiple basal bodies (Fig. e, black arrows and inset, white arrows) were often observed and the k-DNA presented atypical compactness. Eventually the overall parasite organization was outstandingly altered (f). Cytoplasmic vacuolization and compartments presenting tubular material (*) were seen, associated with membranes (arrowheads). We notice disorganized compartments of a mitochondria-like appearance presenting electrondense fibrillar material (white arrow) as well as cristae-like digitform membrane profiles (black arrow). Bars in (a) and inset in (b) represent 0.2 m and in (b) to (e), 0.5 m and in (f), 1.0 m. membrane cholesterol levels activate ERK (extracellular signal-regulated kinases) 1/2 MAPK, leading to the phosphorylation of tau [68] . MAPK (vide infra) takes part in the leishmanicidal activity of the triterpenoid 18 -glycyrrhetinic acid [69] . Phosphorylation of microtubule-associated proteins might lead to their detachment from membranes and triterpenoids such as bufalin were shown to disorganize microtubule usual arrays in mammalian cells, forming perinuclear aggregates [70] [71] [72] .
Fig. (6). T. cruzi in vitro proliferation before and after addition methylated (a) and per-acetylated
Steroidal molecules were reported to disorganize microtubules and microfilaments and the triterpenoid tubeimoside I recognizes the colchicine binding site of tubulin [73] [74] [75] [76] [77] . Therefore, the action of the AA could result from the impaired recognition of tubulin by microtubule-binding protein at centrosomes as well as on the plasma membrane. The cytoskeleton-targeting properties are involved in their cytotoxocity upon different cell types. The detailed mechanism of action of this compound has not been determined but it is noteworthy that estrogen is able to destabilize microtubules via ion channel transient receptor potential, vanilloid subclass I [78] .
The microtubute bundling effect apparently depends on ERK 1/2 activity and Na + -K + ATPase phosphorylation [79] , which crosstalk [80] . In this regard, plasma membrane cholesterol levels reciprocally regulate 1 Na/K-ATPase and the extracellular K + levels can modulate ERK 1/2 activation [81] . In addition the leishmanial PKC-like protein kinase modulates was demonstrated to regulate Na
MAPK such as ERK were formerly known to regulate cell division, but several other cellular functions may be attributed to this versatile enzyme family [83] . Mammalian ERK takes part in leishmanial infection affecting responses by different cell types [84] [85] [86] . Parasite MAPK account for considerable part of the Trypanosomatid kinome and thus comprise chemotherapy targets and vaccine candidates [87] [88] [89] [90] .
MAPK activity may underlie several cellular phenomena including Flagellum-associated MAPK co-participate it the flagellar length regulation which is controlled by a process called intraflagellar transport (IFT) by dynein and kinesin protein motors [91] . The reduced flagellar length in AAtreated T. cruzi may be related to the parasite MAPK activity or motor protein function.
The flagellum attachment zone (FAZ) plays important but previously overlooked roles. The FAZ positioning controls cleavage furrow formation in T. brucei [92] . The T. cruzi FAZ is associated to linearly arrayed integral membrane proteins, connecting the flagellar and cell body membranes [93] .
In the trypanosomatid protozoan Leishmania amazonensis, both FAZ and ciliary necklace, which is found in the vicinity of basal bodies in the transition zone, displayed intense tyrosine phosphorylation [94] , indicating that local signaling events take place in this complex parasite surfacecytoskeleton linkage domain.
Cilia and flagella were previously viewed simply as undolipodia responsible for cell motility. Recent evidence indicate that cilia and centrosomes are involved on cell cycle signaling regulation displaying enzymes involved in the mitotic regulation [95, 96] . Flagellum-kinetoplast connection plays a pivotal role in Trypanosoma morphogenesis, cell division and differentiation [97] .
Cytoskeleton disorganizations triggered by altered microtubule binding capacity could presumably deregulate mitochondrial genome division. Alternatively, the triterpenoid derivative could target DNA topoisomerases as dihydrobetulinic acid does in Leishmania donovani [48] .
The cytoskeleton functioning was shown to be required for mitochondrial genome segregation [98, 99] , therefore the disorganized k-DNA in parasites cultivated with MeAA may indicate the microtubule disorganization causes impaired cell division.
Interestingly the primary cilium found in most mammalian cell types emerges from a ciliary pocket with morphologic and functional similarities with the trypanosomatid flagellar pocket [100] [101] [102] [103] . In both mammalian and kinetoplastid cells these surface structures accomplish sensory roles [91, 104] and may be related to autophagy [105] .
The calcium-activated microtubule-severing ATPase katanin [106, 107] , and FA1 and FA2 serine/threonine NIMA (Never In Mitosis) kinases are involved in Chlamydomonas reinhardtii deflagellation [108] .
Stress and extracellular stimuli may disrupt calcium homeostasis causing deflagellation in eukaryotic cells [109] . The calcium entry from the extracellular milieu was not approached here and cannot be excluded presently but, microtubule severing could not completely explain the T. cruzi deflagellation triggered by methylated AA derivative observed by SEM indicate that the disrupture of the FAZ comprises an early event preceding the flagellar loss observed here. Similar images of flagellar detachment were observed in T. brucei after RNAi-mediated centrin 1 depletion [110] , raising the possibility of centrosome involvement in flagellar detachment. As basal bodies promote the cilia/flagella ontogenesis, the organelle disorganization may lead to the appearance of small flagella and/or deflagellation in AAtreated T. cruzi, revealed by SEM.
The centrosome disorganization may be caused by cytoskeleton dysfunction as microtubule depolymerization by nocodazole was shown to cause centrosome splitting in human tumor cells [111] . The centrosome targeting of the bioagent studied here may be relevant for antitumoral interventions as centrosomes may comprise targets for cancer chemotherapy [112] . Centrosome cohesion is regulated by a balance of kinase and phosphatase activities. The centrosome amplification may be caused by centriole disengagement which may be brought by disfunction of molecules such as cohesin (reviewed in [113] ). In kinetoplastid protozoa the kDNA is physically connected to and is segregated by the flagellar basal bodies therefore, the basal body disorganization could impair mitochondrial duplication and consequently, trypanosomatid parasite proliferation [95, 114] .
AA has low antiparasitic activity against L. amazonensis [49] , but changes such as per-acetylation and methylation were able to significantly increase the AA trypanocidal effect, presumably by enhancing the molecule hydrophobicity and therefore plasma membrane permeability. The activity of theses derivatives apparently is largely dependent on autophagy as numerous and massive autophagic vacuoles were observed on both MeAA and 3AcAA. The presence of numerous lipid inclusions in the cytoplasm of MeAA may be an outcome of the autophagic process as reported in parasites cultured with ergosterol biosynthesis inhibitors [115, 116] . The terpenoids were shown to induce autophagy in mammalian cells [117] [118] [119] [120] , which may be associated with generation of reactive oxygen species [121] , nevertheless, AA was shown to be an antioxidant [15] . Curiously, contrary to cholesterol, sitosterol can promote autophagy [122] .
Autophagy induction may diminish the macrophage phagocytic activity and it may modulate leishmanial infection [123] , but this phenomenon was not studied on trypanosomatid parasites.
Taken together these results indicate that microtubuletargeting compounds may comprise trypanocidal agents and group substitution in natural products, evaluated via electron microscopy for structure-activity relation [124, 125] , may lead to identification of target subcellular compartments and/or metabolic pathways as well as pharmacophoric groups to be exploited in antiparasitic chemotherapy.
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